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Abstract
The major subunit of the human asialoglycoprotein receptor contains signals for efficient endocytosis
and specific basolateral expression in polarized Madin-Darby canine kidney cells, both of which are
located within its 40-residue cytoplasmic domain. The aromatic residue in this segment, tyrosine 5,
which is necessary for efficient clustering into clathrin-coated pits at the plasma membrane, is also
necessary for exclusive basolateral delivery. Mutation of this residue to alanine resulted in a nonpolar
expression of the protein. Replacement of tyrosine 5 with phenylalanine yielded almost wild-type rates
of endocytosis as well as specific basolateral expression, indicating that tyrosine phosphorylation is not
essential for either sorting step. The close similarity between the two sorting signals was further
corroborated by deletion mutants showing that the amino-terminal 10 residues of the cytoplasmic
domain are sufficient for basolateral polarity and efficient endocytosis. The kinetics of appearance of
newly synthesized wild-type and mutant receptor protein at the apical and basolateral surfaces indicate
that these proteins are sorted intracellularly and are transported directly to the respective domains.
Mutants affected in basolateral sorting lost polarity, i.e, appeared to similar extents on both surfaces,
indicating that there is no significant apical sorting information elsewhere in the protein. The close
correlation between endocytosis and basolateral polarity suggests common recognition mechanisms at
the plasma membrane and in the trans-Golgi network.
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The major subunit of the human asialoglycoprotein 
receptor  contains  signals for efficient endocytosis and 
specific basolateral expression in polarized Madin- 
Darby  canine  kidney cells, both of which are located 
within its 40-residue cytoplasmic domain. The aro- 
matic residue in this segment, tyrosine 5 ,  which is 
necessary for efficient  clustering  into  clathrin-coated 
pits at the plasma membrane, is also necessary for 
exclusive basolateral delivery. Mutation of this residue 
to alanine resulted in a nonpolar expression of the 
protein. Replacement of tyrosine 5 with  phenylalanine 
yielded almost wild-type rates of endocytosis as well 
as specific basolateral  expression,  indicating that ty- 
rosine phosphorylation is not essential  for either sort- 
ing step. The close similarity between the two  sorting 
signals  was further corroborated by deletion mutants 
showing that  the amino-terminal 10 residues of the 
cytoplasmic domain are sufficient for basolateral po- 
larity and efficient endocytosis. The kinetics of ap- 
pearance of newly synthesized wild-type and  mutant 
receptor  protein at the apical and basolateral  surfaces 
indicate that these  proteins are sorted  intracellularly 
and are transported  directly  to  the  respective domains. 
Mutants affected in  basolateral  sorting lost polarity, 
i.e, appeared to  similar  extents on both  surfaces,  indi- 
cating  that  there is no significant  apical sorting  infor- 
mation elsewhere  in  the  protein.  The close correlation 
between endocytosis and  basolateral  polarity  suggests 
common recognition mechanisms at the plasma mem- 
brane  and  in  the trans-Golgi  network. 
Epithelial cells develop specific apical and basolateral 
plasma membrane domains with distinct protein and lipid 
compositions (Simons and Fuller, 1985). In Madin-Darby 
canine kidney (MDCK)’ cells, polarized sorting of proteins 
was shown to occur intracellularly in  the trans-Golgi network 
from which separate exocytic pathways  depart to either  sur- 
face (Wandinger-Ness and Simons, 1990). In contrast, in 
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hepatocytes (and partly in enterocytic cells) apical proteins 
were found to be initially transported to  the basolateral sur- 
face before transcytosis to the apical domain (Bartles and 
Hubbard, 1988; Matter et al., 1990). 
Only very recently signals that  target proteins to either the 
apical or the basolateral surface have been identified. It has 
been observed that proteins anchored to  the membrane via 
glycophospholipids were generally localized to the apical 
plasma membrane; with gene fusion experiments it could be 
demonstrated that  the glycophospholipid anchor itself is suf- 
ficient to direct the exoplasmic portion of normally basolat- 
era1 proteins to  the apical surface (Lisanti and Rodriguez- 
Boulan, 1990). 
A first  basolateral  sorting signal has been identified within 
the cytoplasmic domain of the receptor for polymeric immu- 
noglobulins (Casanova et al., 1991). It has been localized to a 
region distinct from the polypeptide segments responsible for 
endocytosis and for transcytosis. In  contrast,  studies on influ- 
enza virus hemagglutinin and  its  mutant HAY543 suggested 
a  link between the signals for endocytosis and for sorting  to 
the basolateral surface; while wild-type hemagglutinin is a 
resident  protein of the apical membrane, insertion of a  tyro- 
sine at position 543 within  its cytoplasmic domain caused it 
to be endocytosed quite efficiently (Ktistakis et al., 1990) and 
to be diverted to  the basolateral domain of transfected MDCK 
cells (Brewer and  Roth, 1991). This finding suggests that  the 
tyrosine signal for internalization at  the plasma membrane 
might also act  in  the trans-Golgi network to direct a  protein 
into basolateral sorting vesicles or, alternatively, to prevent 
it from entering apical vesicles. 
Consistent with this model, it has been shown that the 
tyrosine-containing  internalization signals of the low-density 
lipoprotein (LDL) receptor and of the lysosomal glycoprotein 
lgp120 and  the tyrosine-independent signal of the Fc receptor 
(FcRII-B2)  are involved in basolateral sorting (Hunziker et 
al., 1991; Matter et al., 1992). In  the LDL receptor an addi- 
tional,  independent  basolateral  determinant  has been identi- 
fied (Yokode et al., 1992; Matter et al., 1992). Mutant forms 
of these  proteins lacking the internalization signal (and in the 
case of the LDL receptor, also the separate basolateral deter- 
minant) appeared predominantly on the apical cell surface 
showing virtually a reversed polarity (Hunziker et al., 1991; 
Yokode et al., 1992). 
In  this study, we have analyzed the requirements for polar- 
ized sorting of the human asialoglycoprotein (ASGP) receptor 
in MDCK cells in  relation to  the signal for efficient endocy- 
tosis. Naturally, the ASGP receptor (reviewed by Spiess 
(1990)) is expressed exclusively on the basolateral surface of 
hepatocytes, where it is responsible for the clearance of galac- 
tosyl-terminal glycoproteins from the circulation. It is a  het- 
erooligomer composed of two homologous subunits, H1 and 
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Sorting  ignals of the ASGP Receptor 20773 
H2, in  a  ratio  of 3-5:l. The major subunit, H1, in  the  absence 
of H2, is transported to the cell surface, endocytosed, and 
recycled  like  the  heterooligomeric  receptor  complex (Shia and 
Lodish,  1989;  Geffen et al., 1989). The only  cytoplasmic ty- 
rosine at position  5  of  H1 was  found to be essential for  rapid 
endocytosis (Fuhrer et al., 1991). In transfected MDCK cells, 
H1  was  shown to be expressed  exclusively  on  the  basolateral 
surface  domain  (Wessels  et al., 1989), which  was  interpreted 
to suggest that either the same  basolateral  targeting  signal is 
operative in MDCK cells and  hepatocytes or no  signals are 
required  for  basolateral  transport. 
In this study we have  analyzed the effect  of  point  mutations 
and  deletions  within  the  cytoplasmic  domain  of H1 on the 
rate  of  constitutive  endocytosis  in  transfected  fibroblasts  and 
on polarized surface transport in transfected MDCK cells. 
The results confxm the  correlation  between  rapid  endocytosis 
and  efficient  basolateral  expression. However, the internali- 
zation-deficient  H1  mutants  did not invert  their  polarity  but 
appeared to equal extents on  both  surfaces  of  the  cell  mono- 
layer. This might  suggest that the ASGP  receptor lacks  reces- 
sive apical signals. 
~ P E R ~ M E N T A L  P R O C ~ D U R E S  
Construction of Mutant Receptors-Mutagenesis of the cDNAs 
encoding H1(5A), H1(16G/37A), and Hl(A4-33A) has been described 
previously (Fuhrer et al., 1991;  Geffen et al., 1991; Beltzer et al., 1991). 
To generate the cDNA of Hl(A4-11), a StyI  site was introduced at  
codon 11, in frame with an existing StyI site at codon 3, using the 
mutagenesis kit from Amersham. H l  cDNA {from plasmid pSAl) 
(Spiess and Lodish, 1986) was used as  the template and the antisense 
oligonucleotide CCTCATTGTCCTTGGGCTGAAGGTCT as a mis- 
matched primer (the mismatched nucleotides are underlined). The 
segment between the StyI sites was then deleted by StyI digestion 
and ligation. The cDNA deletion for Hl(Al2-33) was performed by 
polymerase chain  reaction and overlap extension according to  Ho  et 
al. (1989). The 280-base pair 5' portion (Hid11 to BamHI) of the 
H1 cDNA subcloned into M13mp19 was used as the initial template. 
The primers used were the oligonucleotide AGCATCTGCGT- 
CTCTGCTCCGGA in combination with the M13 reverse sequencing 
primer and CAGAGACGCAGATGCTGAAGGTC with the sequenc- 
ing primer (the annealing temperature was 48 "C; underlined and 
plain  type  denotes nucleotides corresponding to  the sequence 5' and 
3' of the deletion, respectively). The resulting overlapping fragments 
were gel-purified and fused in a second polymerase chain reaction 
using the sequencing and reverse sequencing primers (annealing 
temperature 52 "C). The fusion product was digested with HindIII 
and BamHI and ligated to the 3' BamHI-EcoRI fragment of pSA1. 
All mutagenized sequences were confirmed by sequencing. 
Cell Culture and Transfection"NIH3T3 mouse fibroblast cell lines 
were grown in Dulbecco's modified minimal  essential medium with 
10% newborn calf serum (Inotech, Switzerland) and MDCK (strain 
11) cell l i e s  in minimal essential medium with 10% fetal calf serum. 
Preparation of the fibroblast lines 1-7, F1(5A), and F1(16G/37A) and 
of the MDCK cell line M1 has been described previously (Shia  and 
Lodish, 1989; Fuhrer  et al., 1991; Geffen et al., 1991; Wessels et al., 
1989). Mutant cDNAs were ligated into  the expression vector p U  
(Korman et al., 1987) and transfected into cells using polybrene and 
dimethyl sulfoxide according to Kawai and Nishizawa (1984). Clonal 
cell lines resistant  to 1 mg/ml G418 sulfate were isolated and screened 
for expression by immunoblot analysis using a rabbit antiserum 
directed against a synthetic oligopeptide corresponding to carboxyl- 
terminal residues 277-287  of H1. Two or three lines of each transfec- 
tion were analyzed further. 
Receptor ~ ~ t r ~ u t i o n  and ~ ~ ~ r ~ ~ z ~ ~ n  Assay-The surfacefin- 
tracellular  distribution of H1  variants was assayed by treating  intact 
cells with 1 mg/ml proteinase K at 4 "C in phosphate-buffered  saline 
(PBS)  containing 5 mM EDTA for 30 min. Digestion was stopped by 
adding 2 mM phenylmethylsulfonyl fluoride. Protease-digested and 
control cells were lysed in gel sample buffer and subjected to SDS- 
gel electrophoresis and immunoblot analysis. Autoradiographs were 
quantitated by ~nsi tometr ic  scanning. The high mannose precursor 
form was used as an internal  standard  in calculating the fraction of 
resistant mature form, The  rate of receptor internalization  in trans- 
fected fibroblast cells was determined as described by Geffen et al. 
(1989). 
Cell Polarity and Polarized Surface Expression of HI Variants- 
For  separate access to the apical and basolateral cell surface, MDCK 
cell lines were grown to confluence in 24-mm Transwell chambers 
(Costar Data Packaging Corp., Cambridge, MA) with tissue  culture- 
treated 0.4-pm pore size polycarbonate filters.  Tightness of the mono- 
layers was assayed 3 days after splitting as described previously 
(Wessels et al., 1989). Cell polarity was assayed by measuring the 
polarity of uptake of [35S]methionine and [36S]cysteine as described 
by Brewer and Roth (1991).  All cell lines used for subsequent exper- 
iments showed >90% basolateral  uptake of =S-labeled amino acids. 
Polarized surface distribution of wild-type and  mutant  H1 was deter- 
mined by surface antibody binding essentially as described by Wessels 
et al. (1989). [1261]Iodinated IgG prepared from H1-specific antiserum 
was allowed to bind to cell monolayers from either surface at 4 'C for 
2 h in DPBS with 1% bovine serum albumin (BSA). The filters were 
then washed once with DPBS containing 1% BSA and  three times 
with DPBS. The cells were scraped into 1 mi of PBS  and pelleted. 
Cell-associated radioactivity was determined by scintillation count- 
ing. Alternatively, the cells were lysed in SDS sample buffer and 
subjected to SDS-gel electrophoresis and autoradiography. 
Fluorescence Microscopy-Filter-grown cells were  fixed in 2% par- 
aformaldehyde, stained  in PBS containing 0.25% gelatin and 5% fetal 
calf serum with anti-Hl IgG at a 1:400 dilution for 45 min, washed 
extensively in  PBS/gelatin/fe~ calf serum, incubated with a fluo- 
rescein isothio~anate-labeled goat anti-rabbit IgG antibody at  1:lOO 
dilution for 30 min, and washed as before and finally in PBS. Samples 
were mounted in 1,4-diazabicyclo(2,2.2)octane and examined using 
an MRC 600 confocal microscope with a krypton-argon laser. Settings 
for laser intensity were the same for all samples and controls. 
Biosynthetic Labeling and Surface Immunoprecipitation-Filter- 
grown cells were washed twice with DPBS, incubated for 30 min in 
minimal essential medium without  methionine and cysteine, labeled 
with 0.1 mCi/ml [35S]methionine and [36S]cysteine from the basolat- 
era1 surface for 1 h at  37 "C, washed twice in DPBS, and chased for 
different times at  37 "C in complete minimal essential medium sup- 
plemented with excess methionine and cysteine. The cells were then 
chilled to 4 "C and incubated for 2 h a t  4 "C with anti-H1 antiserum 
at a dilution of  1:500 in  DPBS with 1%  BSA added to one side of the 
cell monolayer, while DPBS  and BSA was added to the other side. 
Unbound antibody was removed by two washes with DPBS with BSA 
and  three washes with DPBS. The cells were scraped into HepG2 cell 
extract (confluent HepG2 cells, naturally expressing the ASGP recep- 
tor, lysed with 2.5 ml of lysis buffer/lOO-mm plate) to quench unbound 
antibodies and prevent  antibody switching. Antigen-antibody com- 
plexes were isolated with protein A-Sepharose and analyzed by SDS- 
gel electrophoresis and fluorography. No labeled high mannose pre- 
cursor of H1 could be detected,  demonstrating the specificity of the 
method for surface H1. For analysis of total biosynthetically labeled 
H1 protein, cells were grown on plastic, labeled and chased as de- 
scribed above, and lysed. H1 was isolated by immunoprecipitation 
and analyzed by gel electrophoresis and fluorography. 
RESULTS 
Mutation of  Tyr-5 to Ala Results in a Nonpolarized Surface 
Distribution  in  Transfected MDCK Cells-To  study  the  polar- 
ized  transport  of the hepatic ASGP receptor  subunit  H1  in 
MDCK cells, we have  previously  generated the stable  express- 
ing  cell line M1 (Wessels et al., 1989)'  By surface  binding  of 
12'I-labeled anti-Hl antibodies,  H1  was  found  to  be  present 
exclusively  in  the  basolateral  plasma  membrane  domain. This 
distribution was confirmed by indirect immunofluorescence 
localization  of  H1  using  a  confocal  laser  scanning  microscope. 
In  Fig.  1, panels A-C, en face views  of  filter-grown M1 cells 
are  shown  with the focal  plane  either at the  level  of  the  apical 
surface ( p a n e l  A ) ,  the center (panel B ) ,  or the basal  surface 
(panel C) of  the  monolayer. The lateral  and  basal  surfaces  of 
M1 cells were stained but not  the  apical  surface.  The  staining 
is specific for H1, because there was no significant fluores- 
cence  in  untransfected MDCK cells (panels G-I), 
A clearly  different  pattern  was  observed  for Ml(5A) cells, 
a  transfected MDCK cell  line  expressing  the  mutant Hl(5A) 
in  which tyrosine 5 was substituted by alanine.  Fluorescence 
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20774 Sorting Signals of the ASGP Receptor 
M1 Ml(5A) MDCK 
FIG. 1. Immunofluorescence 
analysis of the  surface  distribution 
of H1 and H l ( 6 A )  in transfected 
MDCK cells. Filter-grown M1 (A-C),  
Ml(5A)  (D-F), and MDCK cells ( G I )  
were fixed with 2% paraformaldehyde, 
stained with an H1-specific antiserum, 
and  fluorescein  sothiocyanate-conju- 
gated  second antibody. Confocal immu- 
nofluorescence micrographs of horizon- 
t a l  focal planes  through the apical sur- 
face (A,  D, C), the center ( R ,  E, H ) ,  and 
the basal  surface (C. F. I )  of the mono- 
layers are shown. 
aplcal 
center 
basal I 
FIG. 2. Surface distribution of H1 wild-type and mutant 
proteins  in  transfected MDCK cells  in a side view. Cells were 
stained the same as for Fig. 1. From serial fluorescence micrographs 
taken of consecutive  horizontal  focal  planes at a distance of 0.1 em, 
a vertical  section  (side view) was generated. 
staining  was  detected  on  the  entire  plasma  membrane  includ- 
ing the apical domain (Fig. 1, panels D-F).  In a side view 
generated by scanning  through  the monolayer at 0.1-pm in- 
tervals, Hl(5A) was found to completely encircle the cells 
(Fig. 2B) ,  while  wild-type H 1  displayed a characteristic  cup- 
like pattern typical of a basolateral protein (Fig. 2 .4 ) .  The 
biochemical assay of the surface binding of ['2sI]iodinated 
anti-H1  antibodies  to  the  apical or basolateral  side of Ml(5A) 
monolayers  detected 57% (*6%) of mutant  H1  on  the  apical 
surface. The point mutation in the cytoplasmic domain of 
Hl(5A)  thus  resulted in a loss of polarized surface  expression, 
in  addition to a defect  in endocytosis. 
Effect of Mutations  within the  Cytoplasmic Receptor Domain 
on Endocytosis-To characterize  the  features  within  the cy- 
toplasmic  domain of H1  that  are  responsible for endocytosis 
and for  specific basolateral  sorting in  polarized  cells, we have 
generated  the  mutants  summarized in Fig. 3. The  correspond- 
ing  cDNAs were transfected  into mouse NIH.713 fibroblasts 
and  MDCK cells, and  stable  expressing clonal cell lines were 
isolated. Expression levels of H1  variants were 5-20% that of 
HepGP  cells,  a human  hepatoma cell line naturally  expressing 
the  ASGP receptor. 
Since  H1 in the  absence of subunit  H2 does not bind ASGPs 
with high affinity, we used a ligand-independent procedure 
developed  previously to  determine  the  rate of internalization 
of subunit H1 (Geffen et al., 1989). In this assay, the cell 
surface is first labeled at  4 "C by incubation with ['251]iodi- 
nated sulfosuccinimidyl-3-(4-hydroxyphenyl)propionate, an 
impermeant,  amino group-specific reagent  (Thompson et al., 
1987). The surface-labeled cells are  then  incubated  at 37 "C 
for  different  times  and  digested a t  4 "C with proteinase K. 
Labeled receptors that have been internalized during the 
37 "C chase and have thereby acquired resistance to added 
protease  are  immunoprecipitated  and analyzed by  gel electro- 
phoresis  and  autoradiography.  Quantitative  analysis of inter- 
nalization for the  transfected  fibroblast cell lines  are shown 
in Fig. 4. The  rates of endocytosis in percent of surface  H1 
internalized  per  min were estimated from the  first  time  point 
after 5 min of incubation at  37 "C and are summarized in 
Table I. Usually after -15 min  the  curve reached a plateau 
reflecting  equilibration of labeled H1 between the  surface  and 
intracellular pools due  to  endocytosis  and recycling. 
While  mutation of tyrosine 5 to  alanine in mutant  Hl(5A) 
resulted in a dramatic reduction of the internalization rate 
and a concomitant accumulation of the protein at the cell 
surface  (Fuhrer et al., 1991),  mutation of the  same residue to 
phenylalanine in Hl(5F) had only a minor effect. The hy- 
droxyl group of the tyrosine side chain is apparently not 
essential  for  receptor  traffic. 
Deletion of residues 4-11, which includes  the  critical  tyro- 
sine, in the construct Hl(A4-11) displayed essentially the 
same  phenotype  as  the  point  mutation of tyrosine 5 to  alanine, 
a strong  reduction of endocytosis  and  coordinately  an  accu- 
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Sorting  Signals of the ASGP Receptor 20775 
FIG. 3. Cytoplasmic sequences of 
wild-type and mutant ASGP recep- 
tors H1. Point  mutations  are  indicated 
by arrows and deletions by horizontal 
lines. The core of the  membrane is shown 
in gray. 
H 1 (1 6G/37A) Q 
Hl(5F) 
H 1 (5A) 
i 
H1 i I i 
M T K E V O D L O H L D N E E S D H H O L R K O P P P P O P L L O R L C S Q P R  
Hl(A4-11) M T K  D N E E S D H H O L R K Q P P P P O P L L O R L C S O P R  
Hl(A12-33) M T K E V O D L O H L  R L C S O P R  
Hl(A4-33) M T K A R L C S Q P R  
I 
0 1 0  20 30 40 
Tlme (mln) 
FIG. 4. Constitutive  internalization of H1 mutants  in  trans- 
fected fibroblast cell  lines. Internalization  assays as described in 
the text and under "Materials and Methods" were quantitated by 
densitometric scanning of autoradiographs. Protected receptor is 
expressed  as a percentage of total  surface-labeled  H1. Average values 
of triplicate  determinations  are  plotted. 
mulation of the protein on the cell surface. The deletion 
mutant Hl(A12-33) lacking the following 22 amino acids, 
however, reproducibly  displayed a fairly  high apparent  inter- 
nalization  rate.  Equilibrium  appeared  to be reached  already 
at 5 min and at a relatively low level, suggesting that  the 
recycling rate of this mutant is increased. The 5-min time 
point  thus does not  accurately reflect the  initial  rate of inter- 
nalization, which is likely to be higher than the estimated 
4%/min.  This  result  shows  that  the  amino-terminal  segment 
up  to residue 11 is sufficient for rapid  endocytosis even when 
placed close to  the  membrane  surface. 
When  almost  the  entire  cytoplasmic  tail of H1 was  deleted 
in the construct Hl(A4-33A) (residues 4-33 being replaced 
by one alanine), the complex glycosylated protein accumu- 
lated in an intracellular compartment both in transfected 
fibroblasts  and  MDCK cells and could not be analyzed  with 
respect  to  endocytosis  and polarized transport. 
Cellular Distribution of HI Mutants  in  MDCK Cells-The 
distribution of constitutively  endocytosed  and recycled recep- 
tors between the  surface  and  intracellular  compartments  re- 
flects their internalization properties (Geffen et al., 1989; 
Fuhrer et al., 1991). Therefore, we determined the cellular 
distribution of H1  variants  in  expressing  MDCK cell lines. 
The cells were incubated  with  proteinase K a t  4 "C to  digest 
surface  proteins;  protected,  intracellular H1 was detected by 
SDS-gel  electrophoresis  and  immunoblot  analysis  and  com- 
pared  with  H1 from untreated cells  (Fig. 5 and  Table I ) .  The 
mutants  Hl(5A)  and  Hl(A4-11), which are  deficient  in  en- 
TABLE I 
L L L L... 
L L L L... 
L L L L... 
L L L L... 
Correlation  between  internalization  rate and polarized surface 
expression for wild-type  and  mutant forms of HI 
- 
Polarity in intracellular 
Surface-to- Internalization 
MDCK cellno distribution in rate  in fibrohlant ..,,LC 
MDCK celW ceun 
% bavolateral % surface %/rnin 
H1 100 47 f 13 (3) 6.3 f 2.9 
H1 (5A) 43 2 6 
H1  (5F) 
84 f 1 (2)  
100 50 (1) 
1.1 f 0.1 
4.8 f 1.2 
H1 (A4-11) 52 f 4  78 f 8 (3) 0.9 f 0.1 
H I  (A12-33) 100 40 f 15 (5) 4.2 f l.ld 
H I  (16G/37A) 100 40 (1) 6.6 f 0.5 
"The  polarity of wild-type or mutant  HI  proteins was determined 
by binding of [1251]iodinated I g G  to the  apical or basolateral  surface 
of filter-gown MDCK cell lines expressing the respective receptor 
protein. The average of a t  least  triplicate  determinations  are  shown. 
A value of 100% indicates that  no signal above the background of 
untransfected  MDCK cells was  detectable  on  the  apical surface. 
Surface-to-intracellular  distribution of H1 variant9 in transfected 
MDCK cell lines was determined by immunohlot analysis of cells 
shaved a t  4  "C with  proteinase K and of untreated cells. Quantitation 
was made by densitometric  scanning of autoradiographs  as  shown in 
Fig. 5. Average values  with  standard  deviations  are listed (in  paren- 
theses  is  the  number of determinations). 
'The internalization rates in transfected NIH3T3 fibroblast cell 
lines were calculated based on the first time point (5 min) on the 
internalization assay as shown in Fig. 4 and is expressed as the 
percentage of surface-labeled protein that acquired resistance to 
exogenous proteinase  K/minute  (fS.D.).  Determinations were made 
a t  least in triplicate. 
Minimal  estimate for the  internalization  rate  (see  text). 
PK + - + -   + -   + -  + -   + -  
"""
- . . "  .-.. . . "- "r 
b 
1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
FIG. 5. Cellular  distribution  of wild-type and mutant forms 
of H1 in transfected MDCK cell lines. The distribution of H I  
wild-type  and  mutants between the  plasma  membrane  and  intracel- 
lular compartments in stable MDCK cell lines was determined by 
immunoblot  analysis. H I  of untreated  celh  and cells  digested for 30 
min a t  4 "C  with  proteinase K ( P K ) ,  as indicated,  was  analyzed.  The 
positions of the  40-kDa high mannose glycosylated precursor form 
and  the 46-kDa complex glycosylated mature form of wild-type  H1 
are  indicated. 
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20776 Sorting Signals of the ASGP Receptor 
docytosis in fibroblast cells, also accumulated in the plasma 
membrane of MDCK  cells. All  of the  H1  variants that were 
efficiently internalized in fibroblasts, i.e. H1, H1(5F), 
Hl(A12-33), and H1(16G/37A) (in which the two weakly 
phosphorylated cytoplasmic serine residues are mutated to 
glycine and alanine, respectively) (Geffen et al., 1991), were 
found to a considerable extent (50-6096  of the  mature form) 
intracellularly also in transfected MDCK cell lines. This 
indicates that  the  transport behavior of H1 variants is  com- 
parable in fibroblast and MDCK  cell lines. In  both cell types 
the intracellular pool of Hl(A12-33) was larger than expected 
based  on Fig. 4. This is due to  an intracellular population that 
does not take part in endocytosis and recycling, as in the 
entire population of Hl(A4-33A) (based on resistance to 
protease digestion of cells at  37 "C for 30 min; not shown). 
Efficient Internalization of H1 Mutants Correlates with 
Basolateral Polarity in MDCK Cells-The polarized distribu- 
tion of the  H1 variants was analyzed by surface binding of 
1261-labeled anti-H1 antibodies to filter-grown MDCK cell 
lines (Table  I)  and indirect immunofluorescence localization 
(not shown). The efficiently endocytosed mutants H1(5F), 
Hl(A12-33), and  H1( 16G/37A) were detectable exclusively 
on the basolateral side of the cell monolayers like wild-type 
H1. In contrast, Hl(A4-11) was found equally  on both plasma 
membrane domains like Hl(5A). 
Initial Surface Appearance of Hl(5A) Is Nonpolarized-The 
correlation between specific basolateral expression and en- 
docytosis could be explained by an indirect pathway to  the 
basolateral domain via the apical surface, which  would result 
in a predominantly basolateral distribution for an efficiently 
internalized protein and  a nonpolar average distribution for 
poorly  endocytosed mutants. We first studied the  transport 
of H1 and Hl(5A) through the biosynthetic pathway in a 
pulse-chase experiment (Fig. 6). Conversion of the high man- 
nose  glycosylated  40-kDa precursor to the complex  glycosy- 
lated mature 46-kDa form proceeded with a half-time of 
approximately 3  h for wild-type H1  and somewhat longer  for 
Hl(5A).  Thus  transport from the endoplasmic reticulum to 
the late Golgi (most likely the exit from the endoplasmic 
reticulum) is relatively slow. Based on this result, the  initial 
appearance of newly synthesized protein was monitored by 
surface immunoprecipitation of cells after metabolic labeling 
for 1 h  and chase times of 1 and 2.5 h (Fig. 7). Newly made 
H1 could  be immunoprecipitated exclusively  from the baso- 
lateral surface of M1 cells, although small amounts of tran- 
siently apical material could  have  gone undetected. Using an 
indirect pathway, the  mutant  Hl(5A) would be expected to 
accumulate initially on the apical surface before slow transcy- 
Chase (h) 0 1 2.5 5 7.5 - "__I ~ _ .  "" - 
M i  I C  r h  
- .  
I -  
. "2 
- h  
1 2 3 4 5  
FIG. 6. Time course of maturation of H1 and Hl(5A) in 
MDCK cell linea. M1 and  Ml(5A) cells grown on  plastic were pulse- 
labeled for 1 h with [35S]methionine and [%]cysteine and chased for 
up  to 7.5 h. H1 or Hl(5A) was immunoprecipitated from to ta l  cell 
lysate and analyzed by  gel electrophoresis and autoradiography. The 
positions of the complex glycosylated mature form (c)  and of the high 
mannose precursor form ( h )  are indicated. Nonspecific proteins rec- 
ognized by the antiserum are marked by an asterisk. 
Chase (h) 0 - 1 - 2.5 
A B A B A B  
M1 4 
.. " "-" - 
7 ~~ ~ " 
Ml(5A) I 
1 2 3 4 5 6  
Hl(6A) in MDCK cell lines. Filter-grown M1 and Ml(5A) cells 
FIG. 7. Time course of surface appearance of H1 and 
were pulse-labeled with [?S]methionine  and ["SJcysteine for 1 h and 
chased for up  to 2.5 h as indicated. H1 or Hl(5A) was immunoprecip- 
itated either from the apical ( A  ) or the basolateral (I?) surface and 
analyzed by  gel electrophoresis and fluorography. An arrowhead 
indicates the position of the mature form of the proteins. 
tosis to the basolateral domain to yield a nonpolar average 
distribution. In contrast, it appeared simultaneously on both 
surfaces in a  ratio corresponding to i ts  steady-state distribu- 
tion (Fig.  7). This indicates that  the mutation of the endocy- 
tosis signal affected the sorting intracellularly in the  trans- 
Golgi network. 
DISCUSSION 
Endocytosis  Signal-In this study we investigated two prop- 
erties of the ASGP receptor, i ts  ability to be endocytosed, and 
its specific basolateral surface expression in polarized cells. 
The major receptor subunit  H1  contains  a cytoplasmic, tyro- 
sine-containing signal for sorting  into clathrin-coated pits at 
the plasma membrane. Mutation of the unique tyrosine at 
position 5 to alanine  has previously  been  shown to result in 
an -4-5-fold reduction of the  rate of internalization (Fuhrer 
et al.,  1991). By expressing additional mutants of this protein 
in fibroblast cells, the  structural requirements for endocytosis 
were further characterized. We found that  the residual inter- 
nalization of Hl(5A) of -1-1.5%/min,  which still occurs via 
coated pits  (Fuhrer  et al., 1991), is not due to only a partial 
inactivation of the signal, because deletion of residues 4-11 
surrounding the critical tyrosine residue  did not further re- 
duce the internalization rate. It rather appears that other 
features within the cytoplasmic tail  or elsewhere  in the protein 
are responsible for a low affinity for clathrin-coated areas, 
which  is  higher than  that observed  for resident plasma mem- 
brane proteins. 
The effect of the  tyrosine-to-alanine mutation and of the 
4-11 deletion on endocytosis is not an indirect one, e.g. by 
affecting the overall folding of the cytoplasmic domain, be- 
cause the amino-terminal segment consisting of residues 2- 
11 is functional independently of the following portion of the 
tail in the  mutant Hl(A12-33). That a  short segment of 10 
amino acids is sufficient to cause rapid endocytosis is consist- 
ent with the notion that tyrosine 5 is part of a small signal 
domain such as a  tight  turn or loop structure,  as has been 
proposed by Collawn et al. (1990), and has been experimen- 
tally observed by two-dimensional NMR analysis of tail pep- 
tides of the LDL receptor and of lysosomal  acid phosphatase 
(Bansal and Gierasch, 1991; Eberle et af., 1991). 
Tyrosine 5 can be replaced by a phenylalanine with  only a 
slight reduction of internalization efficiency, similar to the 
critical tyrosines in the LDL and  transferrin receptors (Davis 
et al., 1987;  McGraw and Maxfield, 1990; Girones et al.,  1991) 
but unlike the case of lysosomal  acid phosphatase (Peters  et 
al., 1990). The ASGP receptor was reported to be phosphoryl- 
ated at this tyrosine (Fallon, 1990). The almost wild-type 
internalization rate of Hl(5F) argues against an involvement 
of tyrosine phosphorylation in the mechanism of endocytosis. 
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Sorting Signals of the ASGP Receptor 20777 
Basolateral Sorting Signal-Mutations within the cyto- 
plasmic domain also affected the sorting of H1 along the 
exocytic pathway in epithelial cells. Whereas wild-type H1 is 
efficiently transported to the basolateral surface of trans- 
fected MDCK cells (Wessels et  al., 1989), the point  mutation 
of tyrosine 5 to alanine  or the deletion of residues 4-11 yielded 
receptor proteins defective in both  internalization  and baso- 
lateral polarity. Both  functions were essentially unaffected by 
mutation of tyrosine  5 to phenylalanine  and by deletion of 
residues 12-33.  Also mutation of the two cytoplasmic serine 
residues at positions 16 and 37, which act  as phosphorylation 
sites, had no effect. The cytoplasmic endocytosis signal of the 
ASGP receptor appears also to be responsible for basolateral 
sorting. 
The effect on the polarized expression of Hl(5A) and 
Hl(A4-11) is not caused by the reduced ability of the  mutant 
proteins to be internalized at  the apical plasma membrane. 
Pulse-chase  experiments  rather  indicate that  the final distri- 
bution of H1 variants reflects the direct exocytic pathways to 
the two surface domains of MDCK cells. This is also in 
agreement with the previous studies  on influenza hemagglu- 
tinin,  the Fc receptor, the LDL receptor, and Igpl20, which 
showed no evidence of indirect pathways for wild-type or 
mutant proteins (Brewer and Roth, 1991; Hunziker et al., 
1991, Matter et al., 1992). 
A striking difference to  the previously analyzed systems is 
that mutation of the cytoplasmic signal resulted in loss of 
polarity with equal expression on both surfaces and  not pre- 
dominantly apical expression. Based on considerable, al- 
though circumstantial, evidence (reviewed by Wandinger- 
Ness and Simons (1990)) it appears unlikely that specific 
apical transport does not require targeting  information.  With 
the exception of HI,  the proteins  mentioned above thus seem 
to contain apical signals that  are recessive to  the cytoplasmic 
signals for basolateral transport.  This is not unexpected for 
the transcytotic polymeric Ig receptor and for hemagglutinin, 
normally an apical protein.  A secretory form of hemagglutinin 
lacking the cytoplasmic and transmembrane domains was 
shown to be secreted predominantly from the apical surface 
of MDCK cells, suggesting that  the apical signal is contained 
within the ectodomain (Roth et al., 1987). Different Fc recep- 
tors mediate apical to basolateral transcytosis of  IgG in  cer- 
tain placental  and  intestinal  epithelia, and  the isoform RII- 
B1 was shown to be predominantly apical in MDCK cells 
(Hunziker  and Mellman, 1989). The basolateral isoform RII- 
B2 is identical to RII-B1 except that  it lacks a cytoplasmic 
segment of  47 amino acids. 
More surprising is the finding that  the tailless LDL receptor 
is also largely apical; yet it is conceivable that in certain 
specialized epithelia the LDL receptor plays a physiological 
role on the apical surface. In fact,  in  transgenic mice, the LDL 
receptor could be found on the apical domain of kidney 
epithelial cells but not of intestinal cells and hepatocytes 
(Pathak et al., 1990). That the lysosomal protein Igp120 
contains a recessive apical signal is less plausible and was 
interpreted to suggest that apical signals are widely distrib- 
uted and  are  not restricted to apical proteins of epithelial cells 
(Hunziker et al., 1991). 
The ASGP receptor is specifically expressed in hepatocytes. 
The nonpolarized distribution of the internalization-deficient 
H1  mutants could indicate that  H1 is devoid of significant 
apical determinants. The distribution of these  mutants is in 
fact very similar to  that of secretory proteins that  are pre- 
sumed to lack signals for polarized sorting (Kondor-Koch et 
al., 1985; Gottlieb et al., 1986; Vogel et al., 1992).  However, it 
cannot be excluded that  Hl(5A)  and Hl(A4-11) retained some 
low efficiency basolateral sorting information responsible for 
the observed reduced basolateral receptor pools,  possibly in 
competition with a cryptic apical determinant. 
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